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Abstract
Damping off of soybean and corn, caused by Pythium spp., is favored by cool temperatures and wet soil
conditions and is primarily managed using fungicide seed treatments. The goal of this research was to
determine the effect of temperature on aggressiveness and fungicide sensitivity of Pythium spp. recovered
from soybean and corn in Iowa. A total of 21 isolates of four of the most prevalent Pythium spp. in Iowa were
screened. Seed and seedling assays were used to quantify the aggressiveness of P. lutarium, P. oopapillum, P.
sylvaticum, and P. torulosum on soybean and corn at 13, 18, and 23°C. Isolates recovered from soybean or corn
were equally pathogenic on both hosts. P. torulosum was more aggressive at 13°C compared with 18 and 23°C.
Conversely, P. sylvaticum was more aggressive at 18 and 23°C than at 13°C. A plate assay was used to assess
fungicide sensitivity to seven fungicides that are commonly used as seed treatments, and EC50values at each
of the three temperatures were determined and compared. EC50 values for P. torulosum were higher for all
fungicides tested at 13°C, compared with 18 or 23°C, whereas EC50 values for P. sylvaticum were higher for all
fungicides at 18 and 23°C compared with 13°C. These data contribute to our understanding of the effect of
soil temperature on the risk of soybean and corn damping off, which may aid in the development of more
effective management practices.
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Damping off of soybean and corn, caused by Pythium spp., is favored by
cool temperatures and wet soil conditions and is primarily managed using
fungicide seed treatments. The goal of this research was to determine the
effect of temperature on aggressiveness and fungicide sensitivity of
Pythium spp. recovered from soybean and corn in Iowa. A total of 21 iso-
lates of four of the most prevalent Pythium spp. in Iowa were screened.
Seed and seedling assays were used to quantify the aggressiveness of
P. lutarium, P. oopapillum, P. sylvaticum, and P. torulosum on soybean
and corn at 13, 18, and 23°C. Isolates recovered from soybean or corn were
equally pathogenic on both hosts. P. torulosum was more aggressive at
13°C compared with 18 and 23°C. Conversely, P. sylvaticum was more
aggressive at 18 and 23°C than at 13°C. A plate assay was used to assess
fungicide sensitivity to seven fungicides that are commonly used as seed
treatments, and EC50 values at each of the three temperatures were deter-
mined and compared. EC50 values for P. torulosumwere higher for all fun-
gicides tested at 13°C, compared with 18 or 23°C, whereas EC50 values for
P. sylvaticumwere higher for all fungicides at 18 and 23°C compared with
13°C. These data contribute to our understanding of the effect of soil tem-
perature on the risk of soybean and corn damping off, which may aid in the
development of more effective management practices.
Pre- and post-emergence damping off in soybean (Glycine max (L.)
Merr.) and corn (Zea mays L.), caused by various species in the genus
Pythium, is influenced considerably by weather conditions in the
spring, and is more prevalent when soil temperatures are cool (<18°C)
and abundant rainfall has occurred (Robertson and Munkvold 2012;
Robertson et al. 2014). Pythium spp. are oomycetes and require satu-
rated soil conditions for the production and movement of zoospores
that are chemotactically attracted to roots where infection occurs
(Stanghellini 1974). Damping off can significantly reduce crop
yields due to reduced seedling emergence associated with seed
and root rot, injury to the hypocotyl or mesocotyl, and reduced plant
growth (Dodd and White 1999; Hartman et al. 1999).
Global climate change predictions suggest increases in average
precipitation and temperatures across the corn belt that could substan-
tially increase disease risk (Hatfield et al. 2011). Farmers in Iowa are
planting corn earlier (mid-April) (Elmore 2013), when soil tempera-
tures are typically below 13°C (http://www.nass.usda.gov/Statistics_
by_State/Iowa/Publications). Soybean planting closely follows corn
planting in Iowa, and thus, soybeans are also being planted earlier,
when soil temperatures may be below 18°C. At these low tempera-
tures, seed germination is delayed, thereby increasing the length of
timewhen infectionmay occur (Martin and Loper 1999). Furthermore,
when abundant rainfall occurs soon after planting, risk of damping off
caused by Pythium is high (Yang 1997).
Iowa is a major producer of soybean and corn with 9.9 million and
13.2 million acres planted in 2014, respectively (http://www.nass.
usda.gov/Statistics_by_State/Iowa/); therefore, economic losses asso-
ciated with damping off can be significant to both soybean and corn
production in Iowa. In 2012, corn pathologists from the United States
andOntario, Canada estimated yield losses due toPythium to total 93.6
million bushels (ranked third out of 34 diseases) (Mueller 2014a),
while in 2013, seedling blight caused by Pythium spp. was estimated
to have resulted in 149.8 million bushels (ranked first) (Mueller
2014b). In southeastern Iowa, increased corn seedling disease since
2008, especially after abundant rainfall and low soil temperatures
(A. Robertson, unpublished), prompted research to determine what
species of Pythium are prevalent in causing damping off. Damping
off of soybean has been reported less frequently in Iowa than other
soybean diseases, but economic losses do occur, especially if con-
ditions are conducive soon after planting. Estimated yield losses
due to Pythium in soybean-producing states in the United States
were ranked 4th and 2nd out of all diseases evaluated in 2012
and 2013, respectively (http://extension.cropsci.illinois.edu/fieldcrops/
diseases/yield_reductions.php). A recent survey of soybean seedling dis-
eases in 2011 determined that 19 Pythium spp. were present in Iowa
(Rojas et al. 2013).
Fungicide seed treatments are often used to protect germinating
seed and seedlings from infection by soilborne pathogens to reduce
stand losses caused by damping off. Although corn seed has been
treated with fungicides, such as the phenylamides mefenoxam
and metalaxyl (e.g., Apron and Allegiance, respectively) since
the late 1970s (Cohen and Coffey 1986), seed treatments on soy-
bean are relatively new and usage has been increasing (Bradley
2008; Esker and Conley 2012). More recently, strobilurins or qui-
none outside inhibitors (QoI) (e.g., trifloxystrobin [Trilex], azoxy-
strobin [Dynasty], and pyraclostrobin [Stamina]) have been used in
addition to the phenylamides to control Pythium and other fungal
pathogens (Broders et al. 2007a; Ypema and Gold 1999). Both
the phenylamides and QoIs are considered high risk for the
development of fungicide resistance (Mueller et al. 2013). For
instance, reduced sensitivity of Pythium spp. recovered from soy-
bean and corn to fungicide seed treatments, which include mefe-
noxam and some of the QoIs, has been reported (Broders et al.
2007a; Dorrance et al. 2004). Recently, ethaboxam, a thiazole car-
boxamide fungicide, has shown excellent efficacy against several
oomycetes (Dorrance et al. 2012). Currently, there is no known
resistance to ethaboxam.
We undertook the following research to increase our understand-
ing of the biology of the corn/soybean-Pythium interactions in Iowa.
The objectives of this study were to: (i) identify Pythium spp. affect-
ing corn in Iowa, (ii) determine the pathogenicity of four of the most
prevalent Pythium spp. in Iowa recovered from soybean on corn and
vice versa, (iii) quantify the aggressiveness of those four Pythium
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spp. on soybean and corn at three different temperatures, two temper-
atures of which are similar to those that occur at planting in Iowa, and
(iv) quantify the sensitivity of those four Pythium spp. to fungicides
at the three temperatures. Results obtained from this research can be
incorporated into disease management practices for Pythium damp-
ing off affecting soybean and corn.
Materials and Methods
Isolation and identification of Pythium spp. from corn. Symp-
tomatic corn seedlings were collected duringMay 2012 from fields in
southern Iowa with stand losses from seedling blight. The seedlings
were washed with tap water for 30 min and rinsed with sterile dis-
tilled water. Sections of mesocotyl tissue, 2 to 3 mm from the edge
of a lesion, were cut aseptically, placed between two sterile paper
towels, and pressed to remove excess water (Broders et al. 2007a).
Sections of symptomatic seedling tissue were placed underneath
corn meal agar media containing pimaricin (5 mg/ml), ampicillin
(250 mg/ml), rifampicin (10 mg/ml), pentachloronitrobenzene
(50 mg/ml), and benomyl (10 mg/ml) (PARP+B), which is selective
for oomycetes (Jeffers and Martin 1986). Plates were incubated at
23°C for 3 to 4 days in the dark. Isolates with coenocytic hyphae were
transferred to 4% V8 juice media containing neomycin sulfate
(50 mg/ml) and chloramphenicol (10 mg/ml) (DV8) for isolate iden-
tification. Putative isolates were identified to genus through morpho-
logical characteristics and cultural features using standard keys by
Waterhouse (1967), Middleton (1943), and van der Plaats-Niterink
(1981).
DNA extraction, PCR amplification, and sequencing. To con-
firm identification of each putative species of Pythium recovered
from symptomatic corn seedlings, the internal transcribed spacer
(ITS) of rDNA of each isolate was amplified and sequenced. Each
isolate was grown on DV8 at 23°C for 3 to 4 days in the dark. My-
celium from the edge of each colony was removed by scraping with
a sterile toothpick and lysed using Lyse and Go PCR reagent
(Thermo Scientific Inc., Waltham, MA). Following the manufac-
turer’s protocol, the cell lysates were used directly for PCR amplifi-
cation of the nuclear rDNA region of the ITS including the 5.8 S
rDNA. PCR amplification was performed in 50 ml reactions using
2 ml of lysate and 2.5 units of Taq polymerase with supplied buffer
(Promega,Madison,WI), 50mMdNTPs and 0.4mMof each universal
primer, ITS-6 (5¢-GAAGGTGAAGTCGTAACAAGG-3¢) (Cooke
et al. 2000) and ITS-4 (5¢-TCCTCCGCTTATTGATATGC-3¢) (White
et al. 1990). Thermocycling conditions were: 94°C for 2min, 35 cycles
at 94°C for 30 s, 55°C for 30 s and 72°C for 30 s, followed by a final
extension at 72°C for 10 min. Each PCR product (approximately
800 bp) was purified with the QIAquick PCR Purification Kit (QIA-
GEN Inc., Valencia, CA) and sequenced with the primer ITS-4.
Identification of each isolate was done by searching sequence data
against the GenBank database using BLAST and comparing with
ITS sequences of related Pythium spp. obtained from the National
Center of Biotechnology Information (NCBI) database (www.
ncbi.nlm.nih.gov).
Seed and seedling assays. A total of 21 isolates representative of
four of the most prevalent species of Pythium recovered from dis-
eased corn seedlings in the aforementioned survey or diseased soy-
bean seedlings in the Rojas et al. (2013) survey were screened for
pathogenicity and aggressiveness on soybean and corn (Table 1).
We define pathogenicity as the ability of a Pythium spp. to cause dis-
ease, whereas we define pathogen aggressiveness as the degree to
which disease injury is caused by a Pythium spp. (D’Arcy et al.
2001) Pathogenicity and aggressiveness assays were assessed on
two cultivars of soybean, Sloan and Archer, and one corn hybrid
(proprietary hybrid) using a seed assay similar to that described by
Broders et al. (2007a) and a seedling assay described by Rojas
et al. (2013). Hereafter, hosts from which Pythium isolates were re-
covered will be referred to as “recovered hosts” and hosts inoculated
with each isolate of Pythium in the aggressiveness assay (soybean
cultivars Sloan and Archer, and the corn hybrid) will be referred to
as “inoculated hosts.” For the seed assay, isolates were grown on
DV8 at 23°C for 3 to 4 days in the dark and a 2 mm plug from the
edge of the colony was transferred to the center of a 100 mm petri
dish containing DV8. After 72 h, 10 seeds of the inoculated hosts
were surface sterilized in 0.525% sodium hypochlorite solution for
3 min and rinsed in sterile water, placed 3 to 5 mm from the edge
of the dish, and incubated in the dark in growth chambers at 13,
18, or 23°C. Plates were arranged in a randomized complete block
design at each temperature with three replicates per isolate and each
replicate as an individual block. Seven days after placing seeds on
plates, each ungerminated or germinated (radicle >3 mm long) seed
was assessed for disease incidence and disease severity. Disease in-
cidence was assessed as the percentage of seeds with symptoms of
seed and/or root rot. Seed rot severity was measured as the percentage
of ungerminated seed that were rotted. Root rot severity was visually
assessed as an estimate of the percentage of root tissue on each ger-
minated seed that was rotted. Each experiment screened one species
on all inoculated hosts and was conducted three times with each run
separated by at least 24 h.
A seedling assay, similar to that described by Rojas et al. (2013),
was also used to assess pathogenicity and aggressiveness of the
Pythium isolates. Inoculum of each isolate was prepared on rice using
a modified protocol developed by Stewart and Robertson (2011). In a
vented autoclavable plastic bag, 453 g of parboiled rice and 323ml of
distilled water were autoclaved for 40 min twice with each cycle sep-
arated by 24 h. Rice was inoculated with a 3- to 4-day-old Pythium
culture grown on DV8, incubated for 7 to 10 days at 23°C in the dark,
and dried for 2 to 3 days. Ten milliliters of 7- to 10-day-old inoculum
was placed in a layer approximately 2 to 3 cm below 10 seeds of the
inoculated hosts planted in an 8 ounce polystyrene cup filled with
coarse vermiculite and incubated in growth chambers set at 13, 18,
or 23°C on a diurnal cycle of 16 h light and 8 h dark. Cups were
arranged in a randomized complete block design at each temperature
with three replicates per isolate and each replicate as an individual
block. After 14 days, seedling roots were washed and assessed for
disease incidence (percent plants with rotted roots) and disease sever-
ity (percent root tissue rotted for each seedling). Each experiment
screened one species on all inoculated hosts and was conducted three
times with each run separated by at least 24 h.
Koch’s postulates were performed for all isolates using the above-
mentioned seedling assay. After 14 days, sections of symptomatic
seedling tissue of both soybean and corn were placed under PARP
Table 1. Pythium isolates recovered from symptomatic soybean seedling tis-
sue in 2011 or symptomatic corn seedling tissue in 2012 in Iowa, which were
used in aggressiveness and fungicide sensitivity experiments
Isolatey Species Host Locationz
IASO 4-46 P. lutarium Soybean Harrison
IASO 5-35 P. lutarium Soybean Osceola
IASO 6-2.2r P. lutarium Soybean Osceola
IACO 12-3 P. lutarium Corn Lee
IACO 12-5 P. lutarium Corn Lee
IASO 1-7.28 P. oopapillum Soybean Harrison
IASO 2-11.8 P. oopapillum Soybean Poweshiek
IASO 3-44 P. oopapillum Soybean Marshall
IACO 8-7 P. oopapillum Corn Lee
IASO 1-16rt P. sylvaticum Soybean Harrison
IASO 2-8.18 P. sylvaticum Soybean Poweshiek
IASO 3-37 P. sylvaticum Soybean Marshall
IACO 12-1 P. sylvaticum Corn Lee
IACO 14-4 P. sylvaticum Corn Wayne
IACO 22-6 P. sylvaticum Corn Madison
IASO 1-13.10h P. torulosum Soybean Harrison
IASO 2-26 P. torulosum Soybean Poweshiek
IASO 3-6 P. torulosum Soybean Marshall
IACO 1-8 P. torulosum Corn Mahaska
IACO 8-1 P. torulosum Corn Lee
IACO 12-4 P. torulosum Corn Lee
y Isolates recovered from symptomatic soybean (SO) seedling tissue in 2011
or symptomatic corn (CO) seedling tissue in 2012 in Iowa (IA).
z Counties in Iowa where symptomatic seedlings were collected.
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+B and incubated at 23°C for 3 to 4 days in the dark. Pythium isolates
were identified to species using morphological characteristics and
cultural features as described above (Ali-Shtayeh and Dick 1985;
Bala et al. 2010; Middleton 1943; van der Plaats-Niterink 1981;
Waterhouse 1967).
Fungicide sensitivity assay. All isolates (Table 1) were screened
for fungicide sensitivity to metalaxyl (Alliance; Bayer CropScience),
ethaboxam (Valent U.S.A.), azoxystrobin (Dynasty; Syngenta Crop
Protection Inc.), pyraclostrobin (Headline, BASF Corp.), trifloxy-
strobin (Trilex, Bayer CropScience), captan (Captan 400; Bayer
CropScience), and thiram (Bayer CropScience). Fungicides were dis-
solved in dimethylsulfoxide (DMSO) to provide the correct concen-
tration of active ingredient and added to clarified DV8 after
autoclaving when media temperature was approximately 50°C
(Broders et al. 2007a). All fungicides were assessed at 0, 0.1, 1.0,
10, and 100 mg a.i./ml of commercial-grade product. For all strobi-
lurin fungicides, 50 mg/ml of salicylhydroxamic acid (SHAM) was
added to the media to inhibit the alternative oxidase respiratory path-
way (Olaya et al. 1998). This concentration of SHAM was deter-
mined for each Pythium spp. by testing various concentrations of
SHAM to determine the concentration required for 20 to 40% myce-
lial inhibition (Broders et al. 2007a). A set of control plates amended
with SHAM was included for each isolate.
Isolates were grown on DV8 at 23°C for 3 to 4 days in the dark and
a 2 mm plug from the colony edge was placed 1 to 2 mm from the
edge of a 100 mm petri dish containing clarified DV8 nonamended
or amended with each concentration of fungicide. Plates were
arranged in a randomized complete block design at each temperature
with three replicates per isolate and each replicate as an individual
block. After 48, 72, and 96 h at 13, 18, or 23°C, colony length was
measured from the edge of the plug to the furthest edge of the colony.
For each isolate, percent mycelial growth inhibition was calculated
for each concentration by subtracting the average colony length on
the fungicide-amended plates from the average colony length of
the nonamended plates, then dividing by the average colony length
of the nonamended plates, and multiplying by 100. For the strobilur-
ins, percent mycelial growth inhibition was calculated for each con-
centration of plates amended with SHAM by subtracting the average
colony length of the fungicide-SHAM-amended plates from the av-
erage colony length of the SHAM-amended control plates, then di-
viding by the average colony length of the SHAM-amended
control plates, and multiplying by 100. Each experiment screened
one species on all fungicides and was conducted three times, with
each run separated by at least 24 h.
Statistical analysis. Pathogenicity and aggressiveness data among
species and isolates at each temperature was analyzed using PROC
MIXED of SAS (version 9.4; SAS Institute Inc. Cary, NC) where
temperature, species, and isolates were treated as fixed effects. When
a treatment effect was detected by ANOVA, Fisher’s least significant
difference (LSD) test at P = 0.05 was used to compare treatment
means (Sokal and Rohlf 1989) of pathogenicity and aggressiveness
data. Regression analysis of probits was used to calculate the EC50
value of the percentage of mycelia inhibition against a logarithm to
base 10 value of fungicide concentrations (Zadoks and Schein
1979). Variation in sensitivity across temperatures to seven different
fungicides based on EC50 values was analyzed using PROC GLM of
SAS (SAS Institute). Treatment means of fungicide sensitivity data
were separated using the Tukey’s honestly significant difference
(HSD) test at P = 0.05.
Results
Pythium spp. isolation and identification from symptomatic
corn seedlings. Symptomatic corn seedlings were collected from
29 commercial fields (approximately 10 seedlings per field) in 10
counties in southern and southeastern Iowa. A total of 87 Pythium
isolates were recovered from 59 seedlings that had been collected
from 19 fields. From each, an amplicon approximately 800 bp long
was amplified using the primer pair ITS-6 and ITS-4. Comparison
of sequence data with data in the NCBI database identified nine
Pythium spp. The most prevalent species was P. torulosum (72 of
87 isolates), which was recovered from 53 (90%) seedlings. Other
species present in order of prevalence were: P. sylvaticum (n = 3),
P. oopapillum (n = 2), P. lutarium (n = 2), P. heterothallicum (n =
2), P. schmitthenneri (n = 2), P. arrhenomanes (n = 2), P. spinosum
(n = 1), and P. irregulare (n = 1). Coinfections of P. torulosum and
either P. sylvaticum (n = 1), P. lutarium (n = 1), or P. heterothallicum
(n = 2) occurred on four seedlings, while one isolate of each of
P. sylvaticum and P. irregulare were recovered from one seedling.
Seed and seedling assays. Isolates recovered from soybean were
pathogenic on corn and isolates recovered from corn were pathogenic
on soybean in each assay. All Pythium spp. were pathogenic on each
of the inoculated hosts at each of the temperatures in each assay com-
pared with the noninoculated control (P < 0.0001). No difference in
aggressiveness, as measured by seed and root rot severity, of Pythium
isolates recovered from soybean for each of the four species in each
assay was detected; therefore, severity scores for all isolates of each
species were combined for each assay. Similarly, no significant dif-
ference in aggressiveness of Pythium isolates recovered from corn for
each species in each assay was detected, so all isolates for each spe-
cies were combined in each assay. No difference between experimen-
tal runs at each temperature was detected; therefore, all runs per
species were combined for each assay.
Seed assay - seed rot. No effect of temperature on aggressiveness
of P. lutarium was detected (P = 0.0713); and seed rot severity
ranged from 43 to 75% across all temperatures (Fig. 1A to C). For
P. oopapillum, an effect of temperature on aggressiveness was de-
tected across all temperatures (P < 0.0001). At 13°C, seed rot severity
was greater on all three inoculated hosts than at 18 and 23°C (Fig. 1D
to F). Temperature affected the aggressiveness of P. sylvaticum
across all temperatures (P < 0.0001). At the higher temperatures eval-
uated, 18 and 23°C, seed rot severity was greater on all three inocu-
lated hosts than at 13°C (Fig. 1G to I). At 18°C, seed rot severity was
lower on Archer when compared with Sloan and corn for isolates re-
covered from soybean (P = 0.0005), but not those recovered from
corn (P = 0.0645) (Fig. 1H). Furthermore, seed rot severity was lower
on Archer compared with Sloan and corn at 23°C for isolates recov-
ered from each host (P < 0.0001) (Fig. 1I). For P. torulosum, an effect
of temperature on aggressiveness was detected for all three inocu-
lated hosts across all temperatures (P < 0.0001). Seed rot severity
was greatest at 13°C on all three inoculated hosts compared with
18 and 23°C (Fig. 1J to L). At 13°C, seed rot severity was lower
on Archer than on Sloan or corn for isolates recovered from soybean
(P = 0.0004), but no difference in seed rot severity for isolates recov-
ered from corn was observed (P = 0.0552) (Fig. 1J).
Seed assay - root rot. For P. lutarium, no effect of temperature on
aggressiveness was detected (P = 0.1328) and root rot severity
ranged from 48 to 82% across all three temperatures (Fig. 2A to
C). An effect of temperature on aggressiveness was detected across
all temperatures for P. oopapillum (P < 0.0001). Root rot severity
was greater at 13°C on all three inoculated hosts compared with 18
and 23°C (Fig. 2D to F). Similarly to seed rot severity, root rot sever-
ity of P. sylvaticum at 18 and 23°Cwas greater on all three inoculated
hosts than at 13°C (Fig. 2G to I) and an effect of temperature on ag-
gressiveness was detected across all temperatures (P < 0.0001). At 18
and 23°C, root rot severity of isolates recovered from soybean was
lower on Archer than Sloan and corn (P = 0.0004 and P < 0.0001,
respectively) (Fig. 2H and I). For isolates recovered from corn, root
rot severity was lower on Archer than on Sloan and corn at 23°C (P =
0.0020) (Fig. 2I). For P. torulosum, an effect of temperature on ag-
gressiveness was detected for all three inoculated hosts across all
temperatures (P < 0.0001). Root rot severity was greatest at 13°C
on all three inoculated hosts compared with 18 and 23°C (Fig. 2J
to L). At 13°C, root rot severity was lower on Archer than on Sloan
and corn for isolates recovered from soybean (P = 0.0011), but no
difference in root rot severity for isolates recovered from corn was
observed (P = 0.0204) (Fig. 2J).
Seedling assay - root rot.No effect of temperature on aggressive-
ness of P. lutarium was detected (P = 0.2211) and root rot severity
ranged from 44 to 84% across all temperatures (Fig. 3A to C). For
P. oopapillum, an effect of temperature on aggressiveness was
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detected across all temperatures (P < 0.0001). Root rot severity was
greatest at 13°C on all three inoculated hosts compared with 18 and
23°C (Fig. 3D to F). Temperature affected aggressiveness of P. syl-
vaticum across all temperatures (P < 0.0001). At 18 and 23°C, root
rot severity was greater on all three inoculated hosts than at 13°C
(Fig. 3H and I). Isolates recovered from corn at 18 and 23°C caused
lower root rot severity on Archer than on the other hosts (P < 0.0001
and P = 0.0002, respectively) (Fig. 3H and I). Similar to the in vitro
assays, an effect of temperature on aggressiveness was detected for
all three inoculated hosts across all temperatures (P < 0.0001) for
P. torulosum. Root rot severity was lower on Archer than on Sloan
and corn at 13°C for isolates recovered from corn (P = 0.0002)
(Fig. 3J). At 18°C, isolates recovered from corn showed lower root
rot severity on Archer than on the other hosts (P = 0.0007) (Fig. 3K).
Fungicide sensitivity assay. Sensitivity to all fungicides varied
among species. All species were more sensitive to metalaxyl, etha-
boxam, Captan, and thiram (Table 2), than the strobilurins
(Table 3), especially pyraclostrobin. A temperature effect on EC50
values was detected for P. oopapillum, P. sylvaticum, and P. torulo-
sum, but not P. lutarium (Tables 2 and 3).
Fig. 1. Percent seed rot severity of four species of Pythium recovered from soybean (S_) or corn (C_) seedlings (recovered host) on two soybean cultivars, Archer (_a) and Sloan
(_s), and one corn hybrid (_c) (inoculated host) using a seed assay. Isolates of Pythium lutarium (A-C); P. oopapillum (D-F); P. sylvaticum (G-I); and P. torulosum (J-L), incubated at
13, 18, and 23°C.
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No effect of temperature on sensitivity of P. lutarium to five of the
fungicides was detected, except for azoxystrobin (P < 0.0001) and
pyraclostrobin (P < 0.0001) (Table 3). At 18 and 23°C, P. lutarium
was approximately two times less sensitive to azoxystrobin than at
13°C (Table 3).
Temperature affected the sensitivity of P. oopapillum to Captan (P
< 0.0001), azoxystrobin (P < 0.0001), pyraclostrobin (P = 0.0400),
and trifloxystrobin (P < 0.0001). At 13 and 18°C, P. oopapillum
was 23 times and 2.4 times less sensitive to Captan than at 23°C,
respectively (Table 2). For the strobilurins that were tested,
P. oopapillum was 1.2 to 2.2 and 1.4 to 2.4 times less sensitive at
13°C compared with at 18 and 23°C, respectively (Table 3).
The effect of temperature on EC50 values of P. sylvaticum to all
fungicides was dramatic. This species was far less sensitive to all fun-
gicides at 18 and 23°C compared with 13°C (Tables 2 and 3). For ex-
ample, at 18°C, P. sylvaticum was more than 150 times less sensitive
to metalaxyl, and more than 250 times less sensitive at 23°C, than at
13°C (Table 2). For ethaboxam, the EC50 of P. sylvaticum was 5.5
and 11 times greater at 18 and 23°C, respectively, than the EC50 at
13°C (Table 2). Similarly, EC50 values for Captan were more than
Fig. 2. Percent root rot severity of four species of Pythium recovered from soybean (S_) or corn (C_) seedlings (recovered host) on two soybean cultivars, Archer (_a) and Sloan
(_s), and one corn hybrid (_c) (inoculated host) using a seed assay. Isolates of Pythium lutarium (A-C); P. oopapillum (D-F); P. sylvaticum (G-I); and P. torulosum (J-L), incubated at
13, 18, and 23°C.
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100 times greater at 18°C and 162 times greater at 23°C compared
with 13°C (Table 2). Sensitivity to the strobilurins was affected by
temperature to a lesser extent; for example, at 18°C, P. sylvaticum
was 4.5 times less sensitive to trifloxystrobin than at 13°C, and 7
times less sensitive at 23°C (Table 3).
Similarly, temperature strongly influenced the sensitivity of P. tor-
ulosum. This species, however, was less sensitive to all fungicides at
13°C compared with 18 or 23°C (Tables 2 and 3). For metalaxyl, the
EC50 of P. torulosum at 18 and 23°C were 22 times and 50 times
greater, respectively, than the EC50 at 13°C (Table 2). At 13°C, P.
torulosum was 73 and 225 times less sensitive to Captan and thiram
compared with 18°C, respectively, and 125 and 343 times less sensi-
tive at 23°C than at 13°C, respectively (Table 2). At 13°C, P. torulo-
sum was 1.5 and 2.2 times less sensitive to pyraclostrobin than at 18
and 23°C, respectively (Table 3).
Discussion
There are numerous reports of various Pythium spp. infecting soy-
bean and corn in Iowa and the Midwest (Broders et al. 2007a;
Dorrance et al. 2004; Rizvi and Yang 1996; Rojas et al. 2013; Zhang
Fig. 3. Percent root rot severity of four species of Pythium recovered from soybean (S_) or corn (C_) seedlings (recovered host) on two soybean cultivars, Archer (_a) and Sloan
(_s), and one corn hybrid (_c) (inoculated host) using a seedling assay. Isolates of Pythium lutarium (A-C); P. oopapillum (D-F); P. sylvaticum (G-I); and P. torulosum (J-L), incubated
at 13, 18, and 23°C.
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and Yang 2000; Zhang et al. 1996; Zitnick-Anderson and Nelson
2015). In our study, we evaluated the effect of temperature on path-
ogen aggressiveness of Pythium spp. on soybean and corn. Our data
showed that aggressiveness of some species on soybean and corn was
influenced by temperature, which suggests that future studies evalu-
ating pathogenicity of Pythium species should be performed at more
than one temperature. We found that P. sylvaticumwas more aggres-
sive at higher temperatures (18 and 23°C), while P. torulosum was
more aggressive at lower temperatures (13°C). Temperature, how-
ever, did not affect the aggressiveness of P. lutarium and P. oopapil-
lum. Other studies have also reported that temperature can impact
aggressiveness of Pythium species. Thomson et al. (1971) reported
P. aphanidermatum was more aggressive on soybean at 24 and
36°C, whereas P. debaryanum and P. ultimum were more aggressive
at lower temperatures (15 and 20°C). More recently,Wei et al. (2011)
evaluated the aggressiveness of eight species of Pythium recovered
from soybean in Ontario and Quebec at 4, 12, 20, and 28°C. Tem-
perature did not affect aggressiveness of P. ultimum, which was ag-
gressive at all four temperatures. At higher temperatures, P.
aphanidermatum caused greater seed rot, while P. irregulare, P.
macrosporum, and P. sylvaticum caused more seed rot at lower
temperatures (Wei et al. 2011). Temperature effects on pathogen ag-
gressiveness suggests that soil temperature at planting will determine
the degree to which Pythium species would cause greater severity to a
germinating soybean or corn seed. In some pathosystems, adjusting
planting date may reduce disease risk (Bekkerman et al. 2008; Dı´az
et al. 2005; Kuruppu et al. 2004). Our data showed that while adjust-
ing planting date may be possible for certain species of Pythium,
(e.g., P. torulosum and P. sylvaticum), this practice would not be use-
ful for other species, such as P. oopapillum and P. lutarium.
Seed rot often leads to pre-emergence damping off, while root rot
may result in post-emergent damping off. Seed and seedling assays
used in this study were effective at assessing the ability of each
Pythium species we evaluated to cause seed or root rot. All four spe-
cies caused both seed and root rot, although P. lutariumwas found to
cause less seed rot in the seed assay than root rot in the root assay at
all three temperatures. Similarly, Rojas et al. (2013) and Wei et al.
(2011) demonstrated that some species of Pythium were more ag-
gressive at rotting seed than at rotting roots. This data should
assist soybean breeders in evaluating germplasm for damping off
resistance.
As with prior research (Broders et al. 2007a; Jiang et al. 2012; Rao
et al. 1978; Rojas et al. 2013; Zhang et al. 1996), we found the
Pythium species we evaluated to be equally pathogenic on both soy-
bean and corn. This complicates management of Pythium damping
off in Iowa where farmers typically use a soybean-corn rotation, or
grow continuous corn, thereby limiting the effectiveness of this man-
agement tactic.
Table 2. Fungicide sensitivity of Pythium lutarium, P. oopapillum, P. sylvaticum, and P. torulosum to metalaxyl, ethaboxam, Captan, and thiram at three tem-
peratures in a plate assay
EC50 values (mg/ml) 6 SE (range)x
Pythium spp. C Metalaxyl Ethaboxam Captan Thiram
P. lutarium 13 0.41 ± 0.02 (0.31-0.52) ay 0.03 ± 0.008 (0.009-0.05) a 0.26 ± 0.08 (0.09-0.53) a 0.19 ± 0.02 (0.15-0.29) a
(n = 5)z 18 0.47 ± 0.02 (0.39-0.57) a 0.01 ± 0.002 (0.008-0.02) a 0.23 ± 0.09 (0.08-0.47) a 0.13 ± 0.03 (0.09-0.21) a
23 0.69 ± 0.02 (0.59-0.77) a 0.01 ± 0.002 (0.008-0.02) a 0.25 ± 0.08 (0.08-0.56) a 0.13 ± 0.02 0.08-0.23) a
P. oopapillum 13 0.19 ± 0.03 (0.32-0.10) a 0.09 ± 0.012 (0.06-0.14) a 1.25 ± 0.18 (0.82-1.81) a 0.11 ± 0.02 (0.07-0.19) a
(n = 4) 18 0.09 ± 0.007 (0.11-0.06) a 0.07 ± 0.02 (0.03-0.15) a 0.13 ± 0.03 (0.04-0.19) ab 0.09 ± 0.01 (0.03-0.12) a
23 0.07 ± 0.01 (0.03-0.13) a 0.02 ± 0.01 (0.009-0.09) a 0.05 ± 0.02 (0.009-0.11) b 0.09 ± 0.02 (0.04-0.14) a
P. sylvaticum 13 0.03 ± 0.01 (0.01-0.07) b 0.02 ± 0.02 (0.009-0.11) b 0.004 ± 0.0010.001-0.009) b 0.10 ± 0.03 (0.04-0.20) b
(n = 6) 18 4.75 ± 0.30 (3.22-5.11) ab 0.13 ± 0.02 (0.008-0.21) ab 0.47 ± 0.11 (0.22-0.93) ab 0.17 ± 0.02 (0.09-0.21) ab
23 8.78 ± 0.65 (5.90-10.33) a 0.26 ± 0.08 (0.12-0.60) a 0.70 ± 0.14 (0.46-1.10) a 0.75 ± 0.01 (0.40-1.13) a
P. torulosum 13 2.23 ± 0.22 (1.94-3.30) a 0.66 ± 0.17 (0.25-1.13) a 0.61 ± 0.08 (0.35-0.90) a 0.65 ± 0.12 (0.30-1.22) a
(n = 6) 18 0.10 ± 0.02 (0.06-0.20) ab 0.04 ± 0.02 (0.01-0.16) ab 0.008 ± 0.001 (0.003-0.02) ab 0.003 ± 0.001 (0.001-0.007) ab
23 0.04 ± 0.01 (0.01-0.09) b 0.02 ± 0.02 (0.007-0.14) b 0.005 ± 0.002 (0.001-0.01) b 0.002 ± 0.008 (0.001-0.003) b
x EC50 = fungicide concentration that reduced mycelial growth by 50% compared with the control plate. Values are least square means of six replicates per isolate
and temperature over three experimental runs.
y Values followed by the same letter within species and fungicide are not significantly different according to Tukey’s test (a = 0.05).
z Number of isolates per species evaluated for fungicide sensitivity.
Table 3. Fungicide sensitivity of Pythium lutarium, P. oopapillum, P. sylvaticum, and P. torulosum to azoxystrobin, pyraclostrobin, and trifloxystrobin at three
temperatures in a plate assay
EC50 values (mg/ml) 6 SE (range)x
Pythium spp. C Azoxystrobin Pyraclostrobin Trifloxystrobin
P. lutarium 13 3.79 ± 0.58 (2.20-5.26) by 11.96 ± 1.66 (10.03-20.20) ab 6.55 ± 1.28 (3.94-12.71) a
(n = 5)z 18 8.03 ± 1.20 (4.71-12.84) a 10.56 ± 1.56 (7.44-18.62) b 4.79 ± 0.64 (1.79-6.11) a
23 7.97 ± 0.70 (5.34-10.37) ab 14.74 ± 1.02 (10.11-17.58) a 5.15 ± 0.80 (2.27-8.42) a
P. oopapillum 13 6.64 ± 0.81 (4.66-10.40) a 14.12 ± 1.27 (9.80-19.60) a 8.52 ± 0.90 (5.15-11.98) a
(n = 4) 18 3.01 ± 0.69 0.92-6.15) ab 11.41 ± 1.98 (7.79-21.22) ab 4.76 ± 1.05 (1.97-9.61) ab
23 2.82 ± 0.46 (0.79-4.30) b 10.28 ± 1.04 (8.13-15.26) b 3.70 ± 0.56 (1.32-5.44) b
P. sylvaticum 13 3.45 ± 0.84 91.12-7.38) b 4.34 ± 1.12 (2.40-9.85) b 2.13 ± 0.42 (1.09-4.14) b
(n = 6) 18 10.87 ± 1.43 (5.40-15.32) ab 15.01 ± 1.76 (8.67-22.22) ab 9.66 ± 0.58 (7.77-12.04) ab
23 15.45 ± 1.81 (7.17-21.59) b 20.51 ± 1.06 (17.67-25.45) a 15.44 ± 1.05 (13.45-20.55) b
P. torulosum 13 2.66 ± 0.57 (0.67-4.90) a 14.63 ± 0.89 (10.66-17.34) a 2.94 ± 0.48 (1.13-4.79) a
(n = 6) 18 1.21 ± 0.50 (0.55-3.75) ab 9.56 ± 1.01 (4.76-11.06) ab 1.41 ± 0.30 (0.94-2.67) ab
23 0.96 ± 0.31 (0.39-1.92) b 6.80 ± 1.04 (3.33-11.22) b 1.20 ± 0.36 (0.88-3.07) b
x EC50 = fungicide concentration that reduced mycelial growth by 50% compared with the control plate; salicylhydroxamic acid (SHAM) was added to all con-
centrations at 50 mg/ml to inhibit the alternative oxidase pathway. Values are least square means of six replicates per isolate and temperature over three exper-
imental runs.
y Values followed by the same letter within species and fungicide are not significantly different according to Tukey’s test (a = 0.05).
z Number of isolates per species evaluated for fungicide sensitivity.
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We recovered Pythium from symptomatic corn seedlings from 19
of the 29 fields with stand loss due to damping off in southeast Iowa
in mid-May 2012 (Robertson and Munkvold 2012). In some of the
fields we visited, the seedlings collected were severely rotted and this
affected our ability to isolate causal organisms. Moreover, we did
isolate fungi from many of the diseased seedlings, but we did not
identify these isolates to genus. P. torulosum was the most prevalent
species of Pythium we recovered from the corn seedlings collected,
most likely because of the temperature and soil moisture conditions
that occurred in this region. Most of the affected fields were planted
between April 23 and 27, immediately prior to a 10-day period of
cold (10 to 16°C) and wet (84 to 152 mm precipitation) conditions
(https://mesonet.agron.iastate.edu/agclimate/). Since we found that
P. torulosumwas more aggressive at 13°C, it is probably not surpris-
ing that it was the most prevalent species recovered in our survey.
Similarly, weather conditions soon after planting may explain why
P. sylvaticum was the most prevalent species recovered from dis-
eased soybean seedlings. Soybean fields from which diseased plants
were collected in 2011 and 2012, were planted in mid-May when soil
temperatures were greater than 18°C, and our data showed that P. syl-
vaticum was more aggressive at these warmer temperatures.
Seed and root rot severity of Pythium spp. on soybean cv. Archer
was typically lower than that on soybean cv. Sloan or corn at all three
temperatures. Previous research has demonstrated that Archer has
some resistance to P. ultimum, P. irregulare, P. aphanidermatum,
and P. vexans (Bates et al. 2008; Kirkpatrick et al. 2006; Rosso
et al. 2008) as well as tolerance to waterlogged soils (VanToai
et al. 2001). Similarly in our research, Archer was less susceptible
than Sloan to the four species of Pythium we screened, suggesting
that this cultivar may also have some resistance to P. lutarium,
P. oopapillum, P. sylvaticum, and P. torulosum.
Variation in fungicide sensitivity of Pythium spp. at room temper-
ature on soybean and corn (Broders et al. 2007a; Dorrance et al.
2004) as well as sugar beet, potato, carrot, and forest nursery stock
(Brantner and Windels 1998; Lu et al. 2012; Taylor et al. 2002;
Weiland et al. 2014) has been reported. However, our research is novel
in that we report fungicide sensitivity of P. sylvaticum and P. torulosum
was affected by temperature. We found that P. sylvaticum, which is
more aggressive at 18 and 23°C, was less sensitive to all fungicides
evaluated at 18 and 23°C compared with 13°C. Likewise, P. torulo-
sum, which is most aggressive at 13°C, was less sensitive with a
higher EC50 at 13°C than at 18 and 23°C.
The reason for the role of temperature in fungicide sensitivity was
not investigated in this study, but we propose temperature plays a role
in quantitative fungicide resistance (Deising et al. 2008). Mechanisms
that keep the intracellular fungicide concentration low are often re-
sponsible for quantitative fungicide resistance. A pathogenmay be less
sensitive to a fungicide at its optimal temperature for growth due to the
ability to metabolize and detoxify the compound before it reaches the
site of action. In our study, optimal growth ofP. sylvaticum occurred at
23°C, while the optimal temperature for growth of P. torulosum was
13°C (Supplementary Fig. S1); thus, optimal growth may explain
the relative insensitivity of these two species to the fungicides tested
at each respective temperature. Since temperature change affects mem-
brane fluidity causing membranes to leak (Los andMurata 2004), tem-
perature could alter fungicide permeability of the membrane.
Furthermore, changes in temperature could affect the activity of mem-
brane proteins that translocate various substrates across membranes in-
cluding fungicides. Several studies have demonstrated that fungicides
affect the activity of ATP-binding cassette transporters (ABC trans-
porters) (Coleman and Mylonakis 2009; de Waard 1997; de Waard
et al. 2006; Judelson and Senthil 2006; Krishnamurthy and Prasad
1999). Thus, uptake or export of a fungicide may be affected before
reaching the site of action. Further research is needed to determine
the effect of soil temperature on fungicide sensitivity in the field.
The results of this study greatly expand our knowledge of damping
off of soybean and corn caused by the most prevalent species of
Pythium in Iowa. Since we found that pathogen aggressiveness and
fungicide sensitivity of some species can be significantly affected
by temperature, this may compromise the effectiveness of traditional
management practices such as rotation, planting date, or use of a seed
treatment. Our data suggest that seed treatment “failures” in the field
may be a result of fungicide insensitivity to pathogenic Pythium spp.
at planting. We acknowledge, however, that current seed treatments
usually package two or more fungicides, insecticides, and/or nemati-
cides active ingredients. It is unclear from this study how these
pesticides may interact with each other and protect or not the germi-
nating seed and seedling. Furthermore, previous research has shown
multiple pathogens may be recovered from a single soybean or corn
plant (Broders et al. 2009; Griffin 1990; Mao et al. 1998; Wei et al.
2011). It is uncertain from our research how Pythium species may
interact with each other, or with fungal species commonly associated
with damping off (Broders et al. 2007b; Dı´az Arias et al. 2013).
Future research investigating the interactions between pathogens
causing damping off on soybean and corn as well as their sensitivity
to fungicide mixtures is in progress.
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